Original Research SPIN-ECHO SEQUENCES provide magnetic resonance (MR) images weighted with different parameters (ie, relaxation times and proton density). From spin-echo data, relaxation maps can be obtained.
The possibility of simultaneous presentation of multiple signal intensity images (1-3) and relaxation time maps (4) with colors has been reported. Recently, the fusion of relaxation rate maps with hybrid color images (5) and combined presentation of relaxation rates and proton density (NIHI) in a single full-color image (6) have been described as quantitative magnetic color imaging (QMCD. The aim of the present work was the optimization of this technique, allowing a global display of spinecho information and application of this information to the study of the normal brain and of different brain diseases, \Mith an inter-and intraobserver analysis.
O MATERIALS AND METHODS

MR htstrumentation
Three-component OMCI images, based on calculation of Rl (1 /TL), R2 (1 /T2), and N(H) maps (Fig t) , were obtained from 160 MR studies performed at 1.5 T (Magnetom SP 63; Siemens, Erlangen, Germany) and from 15 additional studies at f .O T (SP 42; Siemens Medical Systems).
We obtain the QMCI images with a spin-echo sequence with a TR of 400-600 msec and a TE of L5-2O msec, and a double-echo sequence with a TR of L,8OO-2,5OO msec and with the first TE equal to that of the single-echo sequence and the second TE equal to 8O-90 msec. Relaxation rate and N(H) maps are calculated and combined into OMCI images with a Microvax 31OO computer (DEC, Maynard, Mass). The color images are displayed on a Macintosh II si computer with a 24-bit graphic board. The software needed for calculation of maps and their display was written entirely by the authors. Recently, Adobe Photoshop (Adobe Systems, Mountain View, Calif) has been used for multiple image display and presentation. Calculation of relaxation rate and N(H) maps is described in the Appendix.
ChromotÍc Scotes
Three linear monochromatic (red, green, and blue) scales are used to simultaneously display MR pa- Figure 1 . Rl lal, R2 lb), and N(H) tcl maps at the level of the basal ganglia obtained in a healthy volunteer at 1.5 T. On the Rl map, the contrast between gray and white matter is similar to that observed on an inversion-recovery image. The R2 map has a reversed contrast compared with that of a conventional'T2-weighted" image. The N(H) map appears similar to conventional spin-density maps. Each map displays the effects of a single parameter and is unaffected by other parameters, unlike conventional signal intensity images. rameters with a full-color approach. The six possible permutations of three parameters (Rl , R2, and N[H]) on the three primary colors are presented in Figure  2 . Thirty-five observers who were not color blind (30 diagnostic Ímaging specialists and five neurologists and neurosurgeons) were shown Figure 2 and asked to rate the six scales. The representation of Rl , R2, and N(H) with red, green, and blue, respectively, was selected as the preferred one by 25 observers. That scale seemed to provide the best results in terms of anatomic and diagnostic information, with a "pseudonatural" representation of brain structures. In addition, the scale appeared to be effective in representing different brain diseases.
The three colors define a three-dimensional color scale (Fig 3) . Since each chromatic component has 256 available color levels. the three-dimensional scale has 2563 colors. Once the red, green, and blue components representing Rl, R2, and N(H) have been assigned, tissue "colors" on QMCI images depend on the ranges of parameter values represented with available levels of red, green, and blue.
Parameter r€rnges were scaled so that gray matter would appear gray, with an intensity equal to onethird that of the maximum (gray is obtained by combining the three primary colors at the same intensity). Because we have not observed marked changes in the relaxation rate of normal gray matter, a single scale was applied to all studies. This approach could represent a standardization criterion of the scale. In fact, in all our studies, normal gray matter in young adults showed a constzrnt chromatic appearance.
Patient Population
Since this was a feasibility study, I4O consecutive MR studies performed at 1.5 T in patients with dif- Figure 3 . Representation of the three central orthogonal planes of the cubic three-dimensional color scale used in the present study. The slanted straight line from the origin ("black point") of the three axes to the opposite corner of the cube ("white point") corresponds to the gray scale. disease, an.d 17 \rith negative findings [patients referred to rule out white matter diseaseì) during JanuaryJuly f 993 were evaluated. Fifteen young (age range, 25-31 years) and five elderly (age range, 65-89 years) healthy subjects were also studied. In all subjects, transverse multiparametric images were obtained; in selected cases, coronal and/or sagittal multiparametric images were also obtained.
Image Eualuatíon
Two readers (a resident [E.M.C.] \Mith 2 years' experience [observer 1] and an experienced neuroradiologist [A.8.] lobserver 2]) evaluated, in two separate sessions I month apart, the original conventional T\-, T2-, and N(H)-weighted axial images and the corresponding QMCI images displayed on the color monitor with the standardized scale. Before the image analysis sessions, the observers were allowed to become familiar \Mith the appearance of the multiparametric maps, observing an available database of 50 cases involving different diseases.
In both sessions, the observers were required to identiSr the site and number of all focal abnormalities. In the analysis of white matter disease, the observers were asked to indicate the position of all detectable abnormal spots (regardless of their size) on two separate drawings of the axial sections (one for each session). Drawings were subsequently analyzed to evaluate concordance and discordance between black and white versus color analysis for each observer and between the two observers.
In the analysis of tumors, the readers were asked to describe the lesions in terms of evidence (excellent, good, fair, and poor), margins (well and poorly defined), presence or absence of necrosis/heterogeneity, and presence or absence of edema. In the evaluation of evidence, the readers were required to report the diagnostic quality of the color images with regard to possible movement and misalignment artifacts. Interobserver agreement concerning evidence of lesions on conventional and QMCI images was evaluated (7) .
O RESULTS
Appeoronce oJ Color Maps
With use of the above-described color display with simultaneous mapping of Rl , R2, and N(H), QMCI images permitted recognition of all normal brain structures evident on the conventional images (Fig 4) . The color of each structure depends on the combination of its Rl, R2, and N(H) values. In healthy young subjects, brain cortex has an intermediate gray color on all images and can be clearly differentiated from underlying white matter at all anatomic locations. White matter-because of the combination of higher Rl and lower N(H) values relative to gray matter-appears pink, w'ith different shades at different locations: Frontal white matter has a lighter color due to a higher R2; darker areas can be observed at the level of the posterior limb of the internal capsule and in the occipital area. Fat appears light pink because of the combined effect of very high Rl and intermediately high R2. Muscle appears green because of high R2 and low Rl. Cerebrospinal fluid (CSF) appears bluish because of the predominant effect of very low Rl and R2.
The globus pallidus, red nucleus, substantia nigra, and dentate nucleus all have a shining green color due to high R2-more evident at higher field strength (Fig 4) . The putamen and caudate nucleus have a chromatic appearance similar to that of cortex. Vessels appear with different colors, depending on flow velocity and direction.
In elderly subjects, the color of gray matter does not appear significantly different; however, white matter shows inhomogeneities, with frequent observation of punctate areas of a dark purplish color corresponding to the hyperintense spots observed on Vofume5. Number2. JMRI . 219 Figure 5 . QMCI (left), T1-weighted (center), and T2-weighted (right) axial images obtained at 1.5 T at two contiguous levels (top and bottom rows, respectively) of the basal ganglia 3 weeks after subarachnoid hemorrhage due to unknown cause, associated vrith right occipital lobe infarction. Blood degradation products appear as a greenish lining of the sulci, more evident at the level of the sylvian fìssures, where red spots corresponding to hyperintense spots of the Tl-and T2-weighted images can also be observed (arrows). Hemorrhagic infarction in the territory of the right posterior cerebral artery is evident as a violet area (arrowhead) associated with the cortical green appearance corresponding to the low signal intensity area seen on the T2-weighted image. Figure 6 . QMCI (left), Tl-weighted (center), and T2-weighted (right) coronal images obtained at 1.5 T at the level of the temporal poles 3 weeks (top row) and 4 months (bottom row) after surgery for removal of a left frontoparietal oligoastrocytoma. The surgical cavity was initially occupied by a hematoma (upper row), with persistent mass effect on the left ventricle. Because of a combination of high Rf and low R2, the lesion appears red. The dark hemosiderin rim surrounding the lesion on the T2-weighted image (upper right) has a light-green appearance on the QMCI image (upper left). After 4 months, the hematoma has been partiatly resorbed and the ventricle re-expanded. A porencephalic cavity is displayed with a dark blue color similar to that of CSF. The hemosiderin rim can still be seen.
conventional N(H)-and T2-weighted images. Basal ganglia with high ferritin content and therefore increased R2 are displayed with a progressively lighter green color as ferritin content increases. Dilated perivascular spaces are visualized as blue spots, because of concomitant low Rl and R2.
In some cases, thin red and green rims can be obserwed at the image borders because of misalignment of the two sequences (Fig 4) .
In comparing images obtained at I and 1.5 T, no marked differences in color distribution can be appreciated except at the level of structures with high iron content (basal ganglia), which have a more intense green color at 1.5 T.
Pathologic processes have a characteristic chromatic appearance depending on the different combinations of the three parameters that are present. For instance, the chromatic appearance of vascular lesions reflects modifications in relaxation rate and N(H): (a) Decreased R2 and increased N(H) (corresponding to increased signal intensity on conventional T2-and NlH]-weighted images) observed in acute or subacute ischemia result in a violet color (Fig 5) . (b) Malacic areas have a dark blue color similar to that of CSF, because of the combination of low Rl and R2.
The presence of hemoglobin degradation products affects chromatic appearance according to modifica-tions seen in hemorrhage and hemorrhagic infarction. Hemosiderin has a light green color (Figs 5, 6 ). Recent hemorrhage tends to appear yellowish, presumably because of the presence of deoxyhemoglobin (very high Rl and R2); subacute hemorrhage appears red because of the combined effect of increased Rl and decreased R2, corresponding to the hyperintense pattern seen on both conventional T1-andT2-weighted images; a progressive decrease in Rl associated with natural evolution of the hemorrhagic lesion tends to modiflr the appearance of the clot to a progressively darker color, while the surrounding hemosiderin ring appears light green (Fig 6) .
Multiple sclerosis lesions can appear as homogeneous dark spots of a predominantly violet-gray color or as inhomogeneous areas \Mith different color hues reflecting the presence of different structural components (Fig 7) . Small subcortical and periventricular demyelinating areas can be easily recognized on QMCI images, even when they can be misinterpreted on conventional images because of their location.
With color representation, meningiomas with Rl and R2 values slightly lower than those of normal parenchyma present a mildly or markedly inhomogeneous appearance, with mixed gray, blue, and green areas, and tumor margins can be clearly delineated (Fig  8) . After contrast enhancement with gadopentetate dimeglumine, QMCI maps show enhancing areas with a pink-red color due to increased Rl.
In intraaxial tumors, different components can be The lesion mirrors exactly a contralateral hyperintense area (white arrow) corresponding to a sulcus, which is better appreciated as such on the color map. Three areas marked by observer 1 on the conventional image (arrowheads) were interpreted by both observers as part of diffuse white matter abnormalrty on the color image.
differentiated with color representation. Hemorrhagic areas appear as described above; necrotic areas appear similar to CSF (Fig 9) ; cystic lesions have different colors, depending on their content; calcifications tend to be green because of their predominantly high R2. An interesting feature of most malignant tumors is the characteristic violet appearance of perilesional edematous areas that seem to clearly delineate the growing tumor area (Fig 9) , usually corresponding to the enhancing rim observed on conventional T1-weighted images after gadolinium administration. Some tumor types can be almost unequivocally recognized; lipomas for instance usually have the same color as subcutaneous fat.
Quantitatiue
Ano,lysús The results of comparing conventional and QMCI images are summarrzed in Tables l-4 .
The images of the healthy subjects were equivalent on conventional and QMCI images. One undetermined hyperintense lesion on N(H)-and T2-weighted images was noted in the left frontal white matter in one case. A corresponding dark brown spot was observed on the color maps. In both cases, the reader reported the finding as probably normal.
The results from patients with multiple sclerosis and chronic cerebrovascular disease €rre reported in Tables I and 2 .
Both observers tended to see more focal lesions on the color maps; the more exlrerienced reader had greater concordance in the detection of lesions with the two display methods ( Table 1 ). The concordance between the two observers was greater with the color images ( Table 2) . A representative example of the analysis performed on an image obtained at the level of the lateral ventricles in a patient urith multiple sclerosis is presented in Figure 7 .
In the evaluation of tumors. differences between the observers in rating the evidence of the lesions were found in five cases, while evaluation of margins and determination of the presence of necrosis/heterogeneity and edema were always concordant.
Analysis of interobserver agreement for the two observers showed a k value of .836 + .066 for conventional images and .826 t .064 for QMCI (7) . Comparative ratings (ie, OMCI images better than conventional images or vice versa) were always concordant between the observers: the results are therefore presented together in Table 3 . Among the 12 cases in which conventional images were considered superior to color images, color maps in eight cases were rated as having suboptimal quality due to patient movement between the two sequences required to calculate the maps. In the remaining four cases, lesions were reported as more evident on N(H)-and T2-weighted images. Among the 10 cases in which QMCI images were reported as superior to conventional images, three involved multiple lesions (metastases) and some small lesions not detected by both observers on conventional images. In the remaining seven cases, the definition of the lesion and particularly of tumor margins was rated superior on the color images.
In the evaluation of tumors, some necrotic/heterogeneous areas and thin rims of edema were recognized only on QMCI images (Table 4) .
DISCUSSION
Approaches with pseudocolor representation are frequently used in different diagnostic imaging mo- Note.-Numbers are number of cases in which one t5rpe of image was rated superior or equal to the other' Ratings were always concordant between the two observers. Note.-Numbers are number of areas of necrosis or edema detected. 0 o dalities to enhance contrast. With these techniques, diagnostic interpretation is mediated by the chromatic scale, and the scale itself must be displayed together with the image to permit image interpretation. In contrast, image representation with linear scales, such as the conventionally used gray scale or our three-dimensional linear scale, can be easily interpreted. Linear scales and quantitative parametric maps are the basis of chromatic characterization with a full-color approach.
Because we have three different color receptors in the retina, the combination of three monochromatic color scales represents the best possibility of providing integrated information from multiple parameters with use of colors. It is possible to display up to three different parameters without theoretical loss of contrast. This potentiality could be helpful for distinguishing different tissues that may be displayed with the same gray level on conventional spin-echo images, owing to the opposite effects of Tl and T2 on signal intensity. In fact, on color images, contrast can be due to differences in hue, saturation, or luminance (8) . On QMCI images, if two tissues have concordant changes in Rl , R2, and N(H), they show only different luminance. If they have randomly different values for these parameters, their hue and saturation are also modified.
In practice, the use of hybrid color maps can overcome the intrinsic limitation of images dependent on signal intensity, on which the opposite effects of Tl and T2, depending on selected spin-echo sequence parameters, could actually decrease or even eliminate contrast between two different structures.
Several authors have described color fusion for signal intensity images. Kamman et al (4) reported an approach with parametric maps for obtaining a diagnostic characterization with colors. However, their chromatic characterization was different, since they used Tl and T2 maps to define the hue and saturation of each pixel. Proton density was used only to define a mask that would keep luminance constant in all important areas of the image and that would be equal to zero in low-proton-density areas. In our technique, we use parametric relaxation-rate maps and a proton-density map to separately code the three primary colors-red, green, and blue. Figure lO compares pixel distribution in the R1-R2 domain and the Tl-T2 domain of a normal brain section. The Rl-R2 domain provides superior contrast distribution, with recognition of separate clusters of pixels representing different brain tissues. In contrast, since CSF has very long Tl and T2 values, large ranges of relaxation times must be used to simultaneously display normal brain tissues, CSF, and pathologic tissues (which usually have intermediate Tl and T2 values) on Tl and T2 maps. Therefore, contrast between normal brain tissues is lower compared with that on Rl and R2 maps.
As a simple standardization criterion for QMCI brain images, we suggest that gray matter be displayed as gray. The definition of gray as the presence of equal levels of the three primary colors permits use of a simple fixed setting of the chromatic scale with digital data. However, the sensitivity of our eye to the absence of color (gray), makes it easier to use gray as a subjective reference setting even for analog devices (eg, printers, photographic reproduction systems).
One of the issues associated with color presentation is reproduction of the images on photographic prints. High-quality color reproduction can be obtained with a series of dye transfer thermal printers, both on transparencies and paper. Paper reproduction is optimal when using a standard color scale as in QMCI, and it has a lower cost compared with laser printing of conventional gray-level images. In the future, color reproduction with laser printers could also become commercially available.
Our initial clinical experience with the technique has indicated that simultaneous display of the information usually represented on multiple images can be a simplified approach to the interpretation of brain MR data. The major limitation of the technique is the possibility of patient movement between the two spin-echo sequences required to calculate the parametric maps. That limitation could be overcome by eliminating the time interval between the two sequences or by volumetric realignment of the two data sets with appropriate software. An additional possible cause of minor misregistration could be a frequency shift between the two sequences that could be minimized with frequency lock.
The results of the comparison of the evaluation of white matter lesions reported in Table I and particularly the fact that both observers tended to see more lesions on color maps suggest that QMCI images may be more sensitive and/or less specific than conventional images. However, the greater concordance between the two observers in the evaluation of color maps may indicate a higher accuracy in detecting white matter lesions (Table 2) . Finally, the results of the less experienced observer were closer to those of the more experienced observer in the evaluation of color maps.
In the example shown in Figure 7 , it is seen how the combined multiparametric information of the QMCI map can help in detecting subcortical areas of abnormal signal intensity that, because of improper spatial matching, can be misinterpreted as CSF or partial-volume averaging on different series of conventional images.
Although time saving in the diagnostic process would be difficult to quantiSr at present because of the different instruments used, we expect that a reduction in clinical analysis time may result from amalgamation of different sequences into the QMCI format. In contrast, the increased postprocessing time needed to create the color maps is limited to a few minutes for each patient and represents machine time rather than radiologist time.
In conclusion, QMCI images maintain the diagnostic information present on conventional spinecho images, with potential advantages in the detection of white matter lesions and in the diagnosis and characterrzation of different tissue components of brain tumors. A combination of detailed anatomic description and chromatic characterization could augment diagnostic accuracy with this approach.
o APPENDf,K
The steady-state spin-echo and double-echo signal intensity expressions have been reported in the literature (9-11). For a single echo, we have
where S is signal intensity and K is a constant depending on total imager performance and gain.
For a double echo. we have
where TE, and TE, are first and second TE values.
The denominator in these equations can usually be ignored, since the exponential term is negligible except for very small R2 or TR values (1O). In addition, Equations (Af) and (A2) do not take into account the gradient used to destroy the residual transverse magnetization (1O). Lee and Riederer (12) suggested an approximate equation for multiecho sequences with s5rmmetric echoes. Applyrng the same procedure to the single echo and to the as',rmmetric double echo. we have S = K N(H).lt _ "-to-TEne).Rt l.e-re nz, (Ag) ..1 J where TE'" is the time of the second echo. An equivalent equation was subsequently used in the study of precision in the measurement of relaxation times (13) . The signal intensity ratio in a double-echo sequence, using either Equation (A2) or (A3), is where, S, is the signal intensity of the first echo and S, is the signal intensity of the second echo. Equation (A4) permits calculation of R2.
Interpolative computation of Tl has been suggested (fa). By using Equation (A3) instead of (Al) and l,A2)-with the denominator equal to l-to create the lookup table, the maximum change for Rl is less than O.0l sec-r. On the other hand, with the saturation-recovery expression, in the TR range that we used, we have a maximum change of O.09 sec-r corresponding to the largest Rl values. This error can be seen on the QMCI maps only by careful inspection of two corresponding images that are simultaneously displayed and calculated with the two different approximations.
Since the use of Equations (Al) and (A2) or Equation (A3) affects only the calculation of the lookup table, the two calculation times are not markedly different. The images in the present study were calculated with Equation (A3).
Once Rl and R2 have been calculated, K.N(H) can be obtained from an N(H)-weighted image and from the same equation used to create the lookup table. Since K varies from study to study, N(H) and K can be determined only if a sample with a known proton density (ie, water) is included in the studied volume. Therefore, we performed this measurement in eight patients (age range, 28-63 years) and found the mean value (+standard deviation) of relative N(H) of water in gray matter, 0.660 + .026. Image N(H) could be normalized by assuming that its mean value is constant in human gray matter.
We found that most gray matter relaxation rates were in the following ranges in healthy young subjects: 0.61 sec-r < Rl < 1.29 sec-r and 10.6 sec-r < R2 < 17.3 sec-r. In these ranges, a negligible fraction of pixels not corresponding to gray matter can be found. In five healthy volunteers, after segmentation of the images with the above-mentioned ranges, the fraction of pixels outside gray matter found by two experienced observers was 2.8o/o + 1.3 (mean * standard deviation).
By measuring the mean l(.N(H) of the selected pixels and assuming N(H) = .66 x N(H)","t.., we obtain K. Within the limits of coil homogeneity, K can be considered constant within the imaged volume.
Since Rl depends on magnetic field intensity, a correction factor must be applied to 1.5 T data to obtain a similar chromatic appearance and therefore comparable images with those obtained at a lower field strength. By comparing gray and white matter Rl values obtained at I and at 1.5 T, a correction factor of 1.13 was found and applied. It is equal to 1.50'3, which is in agreement with the expression Tl = AvB proposed by Bottomley et al (15) , where v is the MR frequency and A and B are constants. Using literature data, Bottomley et al fitted a B value of O.3O82 for gray matter and 0.3477 for white matter. The correction factors affect Rl but not R2; therefore, intrinsic R2 contrast due to magnetic susceptibility effects in the substantia nigra, red nucleus, and globus pallidus is superior on maps obtained at higher field strengths, while R2 values in all other structures are essentially unaffected. O
